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	86	 𝑆!"#$ −  𝑆!"#$ !"#!""# < 0.05.                                     (4) 	
	87	 𝑆!"#$ !"#!""# 	can	be	derived	as:	88	





























	119	 𝑅𝑇!""# ! = 𝐶!""# !𝐹!" ! − 𝛥𝐶!""# !  × 365.25,                                                             (8)	
	120	
where	𝐶!""# ! 	is	the	mean	pool	size,	𝐹!" ! 	is	the	mean	daily	C	pool	input	and	𝛥𝐶!""# ! 	is	the	121	
mean	daily	change	in	pool	size	throughout	2001-10	for	the	jth	parameter	vector	sample	of	yi	(i.e.	122	 𝐶!""# ! ,	𝐹!" ! 	and	𝛥𝐶!""# ! 	are	calculated	from	DALEC2	output	driven	with	jth	parameter	123	
vector	sample	of	yi).	Mean	live	biomass	(dead	organic	matter)	pool	residence	times	are	derived	124	






















































	179	 𝑅!  =  𝐫!! 𝐑!!!! 𝐫!,	
	 	 	 (9)	180	
	181	
where	rS	is	the	1	x	18	vector	of	correlations	coefficients	between	state/process	variable	vector	cS	182	
and	18	1°	×	1°	land-cover	type	fraction	vectors	fL,	rsT	is	the	transpose	of	rs,	and	𝐑!!!!	is	the	inverse	183	
of	the	correlation	matrix	RLL,	which	contains	the	inter-correlations	between	18	land-cover	type	184	
fraction	vectors	fL.	RS	is	equivalent	to	the	maximum	correlation	(Pearson’s	r2)	between	the	185	
spatial	variability	of	C	state/process	variable	cS	and	the	best-fitting	linear	combination	of	land-186	
cover	type	fractions	fL.	The	resulting	RS	values	are	shown	in	Fig.	6	(main	text).		187	
	188	
We	also	employ	a	multiple	correlation	coefficient	analysis	on	the	empirical	orthogonal	functions	189	
(EOFs,	or	the	“primary	modes”	of	variability)	of	all	cs.	We	conducted	a	principal	component	190	
analysis	to	derive	the	eight	primary	EOFs	(EOFs	were	derived	using	“pca.m”	function	in	Matlab;	191	
each	cs	vector	is	centered	at	zero	and	scaled	to	the	standard	deviation	of	cs).	Standardized	EOFs	192	
(normalized	by	EOF	standard	deviation)	and	EOF	coefficients	are	shown	in	Fig.	S4.	The	EOF	maps	193	
exhibit	the	primary	modes	of	cs	variability	in	space;	for	each	cs,	the	maximum	spatial	variability	194	
explained	by	EOFs	1	–	N	is	the	sum	of	standardized	EOFs	1	–	N	multiplied	by	their	associated	195	
coefficients.	EOF	multiple	correlation	coefficients	–	RS(EOF)	–	were	derived	for	the	primary	two,	196	
four	and	eight	EOFs	based	on	equation	9,	where	RLL	is	the	identity	matrix	(as	EOFs	are	197	
orthogonal).	RS(EOF)	results	are	shown	in	Fig.	6	in	the	main	text.		198	
	199	
S7	Comparison	against	the	MsTMIP	terrestrial	biosphere	model	ensemble	200	
	201	
We	compare	GPP,	ecosystem	respiration	and	NCE	against	the	MsTMIP	terrestrial	biosphere	202	
model	ensemble	Version	1.0	(64)	net	C	exchange	(note:	total	C	exchange	reported	as	net	203	
ecosystem	exchange,	or	‘NEE’,	by	MsTMIP).	The	0.5°	×	0.5°	monthly	GPP,	total	(heterotrophic	204	
and	autotrophic)	respiration	and	NCE	values	for	2001-10	–	based	on	the	BG1	simulation	–	were	205	
downloaded	from	(http://nacp.ornl.gov/mstmipdata/),	and	were	aggregated	to	a	1°	×	1°	grid	206	
(the	BG1	simulation	includes	time-varying	nitrogen	deposition,	atmospheric	CO2	and	land-use	207	
history	(22)).	The	eight	MsTMIP	models	shown	in	Fig.	S5	are	BIOME-BGC,	CLASS-CTEM-N,	208	
CLM4VIC,	CLM4,	DLEM,	ISAM,	TEM6,	TRIPLEX-GHG	(for	the	sake	of	brevity,	we	did	not	label	each	209	
individual	MsTMIP	model	in	Fig.	S5);		210	
	211	
S8	Atmospheric	CO2	comparison	212	
	213	
We	incorporated	the	2009-2010	CARDAMOM	monthly	mode	net	C	exchange	(NCE)	values	into	214	
the	GEOS-Chem	atmospheric	chemistry	and	transport	model	(29).	The	GEOS-Chem	model	215	
simulations	are	based	on	GEOS-Chem	version	8.2,	driven	by	NASA	GEOS-5	meteorological	fields.		216	
In	addition	to	NCE,	fossil	fuel	emissions	and	oceanic	surface	CO2	fluxes	are	prescribed	(56).	We	217	
compared	the	2009-2010	GEOS-Chem	model	CO2	concentrations	against	the	monthly	mean	218	
anomaly	across	12	Total	Carbon	Column	Observing	Network	sites	(TCCON,	38):	Bialystok,	219	
Poland;	Darwin,	Australia;	Eureka,	Canada;	Garmisch,	Germany;		Karlsruhe,	Germany;	Lauder,	220	
New	Zealand;		Lauder,	New	Zealand;		Lamont,	Oklahoma;		Orleans,	France;	Park	Falls,	Wisconsin;	221	
Sodankyla,	Finland;	Wollongong,	Australia.	Details	of	the	GEOS-Chem	TCCON	comparison	are	222	
reported	by	(63)	and	references	therein.	We	note	that	the	uncertainty	in	the	GEOS-Chem	trend	223	
due	to	CARDAMOM	flux	uncertainty	is	substantial:	global	NCE	25th	–	75th	percentile	=		-8	–	+13Pg	224	
C	yr-1,	which	roughly	corresponds	to	a	±5ppm	growth	rate	(1).	To	evaluate	the	CARDAMOM	225	
seasonal	NCE	variability,	we	compare	the	linearly	de-trended	model	and	observations	(Fig.	S6).	226	
	227	
	228	
Figures	229	
	230	
Fig.	S1:	Left	two	columns:	posterior	GPP	C	allocation	to	autotrophic	respiration	(equivalent	to	1	231	
–	C	use	efficiency),	labile	C,	foliar	C,	fine	roots,	wood	(mean,	left	column)	and	associated	232	
uncertainty	(standard	deviation,	right	column).	Middle	two	columns:	Posterior	C	residence	time	233	
in	foliar	C,	fine	roots,	wood,	litter	and	soil	C	(log-based	mean,	left	column)	and	associated	234	
uncertainty	factors	(based	on	logarithmic	standard	deviation,	right	column).	Right	two	columns:	235	
Posterior	mean	2001-10	C	stocks	in	labile,	foliar,	fine	roots,	wood,	litter	C	pools	(mean,	left	236	
column)	and	associated	uncertainties	(standard	deviation,	right	column).		237	
	238	
Fig.	S2.	Posterior	median	and	50%	confidence	ranges	shown	for	1°	×	1°	grid-cells	B,	T,	D	and	W		239	
shown	for	the	unperturbed	results	(S0)	and	sensitivity	experiments	S1-S12.	The	coordinates	of	B,	240	
T,	D	and	W	are	reported	in	the	Materials	and	Methods	(locations	shown	in	inset	map).	Across	all	241	
locations,	88%	of	median	sensitivity	analysis	estimates	(sensitivity	tests	S1-S12)	are	within	±50%	242	
of	unperturbed	median	C	state	and	process	variable	retrievals.	243	
		244	
Fig.	S3.	Pearson	correlation	coefficients	(r2,	shown	in	color	bar)	between	GLOBCOVER	land-cover	245	
types	fractions	(x-axis)	and	C	state	and	process	variables	(y-axis),	based	on	their	correlation	246	
across	all	1°	×	1°	grid	cells	within	the	global	study	area.	See	section	S5	for	land-cover	type	247	
acronyms.		248	
	249	
Fig.	S4:	Maps:	Eight	primary	1°	×	1°	standardized	empirical	orthogonal	functions	(EOFs	1-8)	250	
derived	from	a	principal	component	analysis	of	standardized	C	state	and	process	variables	(see	251	
section	S6).	The	two	dominant	modes	(EOF1	and	EOF2)	together	reflect	first-order	global	252	
variations	in	C	state/process	variables	(cs)	due	to	in	latitude	and	precipitation,	while	higher	order	253	
modes	reflect	increasingly	complex	spatial	structures	(however,	EOFs	3-8	typically	account	for	a	254	
smaller	portion	of	cs	spatial	variability).	Scatter	plots:	standardized	EOF	1-8	coefficients	255	
corresponding	to	each	C	state/process	variable	(shown	as	symbol-color	combinations).	The	256	
linear	sum	of	standardized	EOFs	1-4	(1-8)	and	their	associated	coefficients	reproduces	29-95%	257	
(88-99%)	of	C	state/process	variability	(see	Fig.	6	in	the	main	text).	258	
			259	
Fig.	S5:	CARDAMOM	zonal	profiles	of	median	gross	primary	production,	ecosystem	respiration,	260	
fires	and	net	C	exchange	(red).	The	50%	confidence	range	is	depicted	as	a	light-pink	shaded	261	
area.	The	blue	lines	represent	the	8	global	MsTMIP	models	(64;	see	section	S7	for	details).	The	262	
dashed	black	line	denotes	the	flux-tower	derived	GPP	(36).	The	continuous	black	line	denotes	263	
the	GFED	version	3	total	C	emissions	(36).	264	
	265	
Fig.	S6.	2009-2010	GEOS-Chem	model	-	with	CARDAMOM	mode	NCE	-	compared	against	mean	266	
monthly	TCCON	atmospheric	column	measurements	across	12	TCCON	sites:	the	left	panel	shows	267	
atmospheric	CO2	concentrations,	and	the	right	panel	shows	the	linearly	de-trended	CO2	268	
anomalies.	The	de-trended	comparison	Pearson’s	r	=	0.93	and	RMSE	=	0.53	ppm.	269	
	270	
	271	
Tables	272	
	273	
Table	S1:	DALEC2	parameters,	descriptions	and	prior	ranges	(the	DALEC2	equations	are	fully	274	
described	in	(35)).	275	
	276	
Table	S2:	Sensitivity	tests	for	C	allocation,	residence	times	and	C	pool	size	estimates	at	locations	277	
B,	T,	D	and	W.	278	
	279	
Table	S3:	In-situ	observations	and	CARDAMOM	posterior	state	and	process	variable	estimates.		280	
	281	




CARDAMOM	
median	(mode	for	NCE)	
	
CARDAMOM		
50%	C.R.		
	
FLUXNET	
derived	GPP	
Jung	et	al.,	2009	
	
MsTMIP	models	
Huntzinger	et	al.,	2013.	
	
GFEDv3	
van	der	Werf	et	al.,	2010	
	
Gross	Primary	
Produc.on	(GPP)	
Ecosystem	
Respira.on	(Reco)	
Net	Carbon	Exchange	
	(NCE	=	Reco	+	Fires	-	GPP)	
Fires	

Table	S1:	DALEC2	parameters,	descriptions	and	prior	ranges	(the	DALEC2	equations	are	fully	
described	in	(35)).	
	
	 Parameters	 Prior	Range	
Al
lo
ca
tio
n	
fr
ac
tio
ns
	 Autotrophic	Respiration	
Labile	
Foliage	
Fine	roots	
Wood	
0.2-0.8*	
0.01-0.5	
0.01-0.5	
0.01-0.5	
0.01-0.5	
Tu
rn
ov
er
	
ra
te
s	
Woody	C	turnover	rate	
Fine	root	turnover	rate	
Litter	turnover	rate	
Soil	organic	C	turnover	rate	
Litter	mineralization	rate	
Exponential	temperature	dependence	
2.5	×	10−5	–10−3	d-
1	
10−4	–10−2	d-1	
10−4	–10−2	d-1	
10−7	–10−3	d-1	
10−2	–10−5	d−1	
0.018–0.08	
Ca
no
py
	
pa
ra
m
et
er
s	
Leaf	onset	day	
Leaf	fall	day	
Canopy	efficiency	
Leaf	C	mass	per	leaf	area	(LCMA)	
Annual	leaf	loss	fraction	
Labile	C	release	period	
Leaf	fall	period	
1-365.25	
1-365.25	
5	–	50*	
5	-	200	gC	m-2	
1/8	–	1	
10	–	100	days	
20	–	150	days	
In
iti
al
	C
	st
oc
ks
	 Labile	C	
Foliar	C	
Fine	root	C	
Litter	C	
Above	&	Below	ground	wood	
Soil	C	(1m	depth)	
1-2000gC	m-2	
1-2000gC	m-2	
1-2000gC	m-2	
1-2000gC	m-2	
1	-	100,000gC	m-2	
1	-	200,000gC	m-2	
*	Autotrophic	Respiration	and	Canopy	efficiency	parameter	log-normal	prior	distributions	are	
described	in	section	S1.		
Table	S2:	Sensitivity	tests	for	C	allocation,	residence	times	and	C	pool	size	estimates	at	locations	
B,	T,	D	and	W.	
Sensitivity	
Test(s)	
Description	
S1	&	S2	 +20%	&	-20%	in	LAI	observations	
S3	&	S4		 +20%	&	-20%	increase	in	biomass	observations	
S5	&	S6	 +20%	&	-20%	increase	in	HWSD	Soil	Carbon	observations	
S7	&	S8	 +20%1	&	-20%	increase	in	fire	combustion	factors	
S9	&	S10	 +20%	&	-20%	increase	in	fire	resilience	factor	
S11		 	Use	mean	1°	×	1°	aggregated	MPI	GPP	(36)	as	driver		
S12	 No	heterotrophic	respiration2	under	-10°C	
1Foliar	combustion	factor	increase	by	10%	(from	0.9	to	0.99).	
2Respiration	temperature	dependence	coefficient	(19)	set	to	zero	at	<-10°C,	scaled	by	unity	at	
>0°C,	and	scaled	from	0	to	1	between	-10°C	and	0°C.		
Table	S3:	In-situ	observations	and	CARDAMOM	posterior	state	and	process	variable	estimates.		
Measurement	
(region)	
CARDAMOM		
range*	
In-situ	observations	
(study)	
Fine	roots	
(Amazon	river	basin)	
9.2	–	10.8	tC	ha-1		
(2.8	–	11.5	tC	ha-1)	
5	–	8	tC**	ha-1(a)	(65)	
	
Fine	roots		
(North-East	U.S.;	>30°N,	>100°W)	
	1.6	–	3.3		tC	ha-1	
	(0.9	–	6.0	tC	ha-1)	
1.25	tC**	ha-1(a)	(66)	
Fine	root	residence	time		
(North-East	U.S.,	>30°N,	>100°W)		
1.1	–	1.5	yrs	
	(0.9	–	3.2	yrs)	
0.83	–	1.25	yrs(a)	(66)	
Fine	root	RT		
(global:	where	woody	C	>	10tC	ha-1)	
1.2	–	2.6	yrs	
	(0.9	–	4.7	yrs)	
1.25	–	2.5	yrs(b)	(67)	
Wood	Carbon	RT	
(Amazon	river	basin)	
15	–	21	yrs		
(9	–	24	yrs)	
~20	–	70yrs(b)	(20,	above-
ground	only)		
Carbon	Use	Efficiency	(CUE)***	
(Amazon	river	basin)	
0.42	–	0.43			
(0.42	–	0.45	)	
Amazon	field	sites:		
0.32	–	0.47(b)	(39)	
Fine	root	C	(Lat	>	66°N)	 0.3	–	0.4		tC	ha-1	
(0.2	–	0.6	tC	ha-1)	
Arctic	Ecosystems:		
0.1	–	5	tC	ha-1(b)	(68)		
*Area-weighted	25th	–	75th	%ile	(5th	–	95th	%ile)	1°	×	1°	C	state	and	process	variables	(see	
Materials	and	Methods).	
**Dry	mass	to	C	mass	conversion	factor	=	0.5	
***CUE	=	1	–	autotrophic	respiration	fraction	
aIndividual	site	range	
bregional	or	global	range		
